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AAb. -tract

Electronic broadbanding is a tecthnique whereby very low

frcqucncy (VLF) antennas can be resonated (rctun,-d) synchro-

nously with a frcqueiicy-shift-kcyed (FSK) signal for trans-

mission of binary data at rates well over 1000 baud. The

purpose of this thesis is to investigate the trainsmitted

energy density spectrum tot an eie .inicall broadbandcd

VLF antepla system in which a frequency shift can occur only

at the instant of an antenna-current zero-crossin8 with pos-

itive slope. A computer solution shows that the transmitted

spectrum is approximately equivalent to the spectrum of an

ideal, constant amplitude, FSK signal.

A further investigation, again by Qomputer program,

shows that if the total frequency shift between the marking

and spacing frequeieles occurs over a finite period, rather

than instantaneously, then the spectrum's sidelobes will be

reduced significantly. The spectrum for a 27,000 Hz

center-frequency VLF antenna transmitting at 1600 baud by

means of electronic broadbandiig can be reduced from 3 to iS

dB in the first five siuelobes. No evaluation is mad1e on

the detectability of the signal with the non-instantanecua

fv'equency shift. Numerous plots of the computer-generated

apectra are included.

I
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1. Introducti on

Thu United StatU s Air Force's Sur-vivable Low Frequency

Communication System uses the very low frequency (VLF) por-

tioii of th. spýctrum to achieve re.li'ble long-range commu-

nications. ITis thesis is an examination of the energy

spectrum of a specific FSK modulation scheme that could be

used for VLF communications. In this thesis, frequency-

shift keying is defined as a foniri of binary frequency modu-

lation in which a specific frequency is transmitted for a

digital zero, and a different troquency is transmitted for

a digital one.

In 1972, Pore Air Development Center sponsored a devel-

ounient contract for thc purpose of building, a prototype

mechaniln, that could be used to broaden the apparent band-

width of conventional VLF anternas so that frequency-3hift-

akeyed (FSK) signals could be transmitted at higher rates

than those previously possible. The mechanism wb. :3Zt. L.,,

Experimental Transmttting Anterna Modulator (ETAM) and its

design was made possible by the use of newly-develoix-d,

-high-seed, .sciion-controiied recttifers (SCRu). Thu 1AI.4

ib a realization of a synchtunous-resonation broadbandirg

techniqu.ze whcr:ein the antenna is resonated (retuzied) in

accordance with the frequency of the FSK signal being trans-

mitted. In addition, each frequuncy change can occur only

at the instant o1 an antenina-current zero-crossing with

no]
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Spositive slope (Ref 41l-15). The purpose of this thesis is

to determine the frequency spectrum for FS1( signals trans-

mitted from a VLF antenna system which uses an electronic

broadbanding dev-ice such as the ETAM.

The study is limited to VLF transmitting systems in

which there is no amplitude modulation of the transmitter

voltage envelope. However, in contrast to FSK signals whose

entire irequeney shift occurs instantaneously, this study

includes an analysis of electronically broadbanded systems

whose frequency transitions are non-iustantaneous.

0
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II. Background

One method of modulating radio signals for transmission

of digital data is frequency-shift keying, wherein a spe-

cific frequency is transmitted for a mark (a digital one)

and a different frequency is transmitted to signify a space

(a digital zero). Transmission rates for FSK signals in the

VLE range (10 - 100 kliz) are severely limited by the band-

width of ccnventional VLF antennas. Because of the extreme-

ly long wave lengths (up to 3C kn), VLF antennas are electri-

cally very short, and in order to achieve efficient power

transmission, the antenna/transmitter system must be tuned

C) to form a higb-Q resonant circuit. The result is that

typical. VLF antennas may have a 3 dB bandwidth of 100 Hz or

less (Ref b8s). The bandwidth limitation restricts the FSK

transmission rate to approximately 50 baud, or to a total of

50 marks and spaces per second, because of the phase dZjtor-

tion and amplitude transients which would occur at higher

transmission rates (Ref 46555).

Numerous methods have been investigated to increase

VLF transmitting system bandwidths, but the most successful

technique is to retune the antenna system in synchroni-

zation with the FSK signal by either capacitance modulation

or by inductance modulation (Ref 4&555). The method of syn-

chronous retuning, or synchronous resonation, can be

described in terms of a mathematical model.

3
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A VLF Antenna Model

VLF antennas can be modeled as series RLC circuits,

and a generally accepted model is shown in Fig. 1. The

model is valid for frequencies well below the uncompensated

resonance frequency of the antenna. Due to the effects of

the electromagnetic fields, the antenna's apparent in-

ductance varies with frequency. For frequencies which are

within the VLF range and that are less than half the uncom-

pensated resonance frequency of the antenna (approximately

100 kldz), the apparent inductance changes by less than 5%

and is considered as a constant (Ref 7s19,64 5 ).

Rt0 Lt* LA C Re

3R

-At ............. In e n l r 3Js ac

Re copper-loss resistance

Rr radiation resistance

R ground-loss resistance
L apparent antenna inductance

Lt tuning inductance

C antenna static capacitance

0 Fig. 1. Very-Low-Frequency Antenna Model

4
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The average total power (Pt) transmitted from a VLF

antenna can be expressed as

Pt 40 i 2 10 (h/) 2  watts

where 10 i.s the antenna current peak value, h is the effec-

tive height of the antenna, and 4 is the transmitted wave-

length. From Eq (1), a radiation resistance (R ) may be

defined as the resistance which would dissipate Pt watts

when a sinusoidal current with peak value I1 flows through

it (Ref 7s645). Hence,

Rr = (2P )/l12 . 80 nr2 (h/k)z ohms (2)

The radiation resistance for installed VLF antennas

0 is normally between 0.05 and 0.3 ohms, while the total of

all the other circuit resistances (Rit,) is between 0.1

and 0.7 ohms. The result is that the transmission effi-

ciency (Rr/Rtot) is in the 0.25-to-0.65 range. However,

one modern VLF antenna has a transmission efficiency of

0.88 (Ref 8a142).

The tuning inductance, Lt, is added to the circuit

in order to lower the system reconant frequency from its

uncompensated one to the desired frequency in the VLF range.

Such inductors carry large tirrents and have been conven-

tionally constructed as air-core coils.

Since the circuit is a familiar RLC circuit, the

system 3 dB Bandwidth is the ratio of the resonant fre-

quency to the system Q. The system Q is the ratio of the

•6'



GE/EE/73A-10

circuit reactance to the total resistance. The equation for

the bandwidth is

Bandwidth( 3dB) -2 f 2 C Rtot Hz (3)

References to bandwidth are to be made with caution,

since it must be explicitly stated whether the bandwidth

referred to is the system bandwidth, or that of the

antenna alone. The system bandwidth is twice the antenna

bandwidth, due to the transmitter being matched to the

antenna, which appears as a resistance at the system

resonant frequency. In this paper, the system bandwidth

will be used unless otherwise stated.

The narrow bandwidth implies that for FSK modulation,

0 the mark and space frequencies must both be well inside

the 3 dB bandwidth limits, and that the baud rate must be

low enough so that the transmitted signal amplitude and

phase are not unduly diLoCrted by transients. Such tran-

sient distortion reduces radiated power and receiver

detection efficiency (Ref 46556). One method for increasing

the apparent bandwidth, and thereby increasing the potential

baud rave, is that of synchronous resonation.

Energy Relationships for Synchronous Resonation

Higher transmission rates and wider apparent bandwidths

may be achieved for pulsed transmission circuits, such as

for FSK modulation, by a variation of the following concept,K OWhen it is possible to insert or to remove a portion of one

6 -
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o type of reactive element with the appropriate amount of

stored energy at instants when the other type of reactive

element in a resonant circuit has dissipated all of its

stored energy, then an instantaneous steady-state oscilla-

tion is achievable. Such a tch'nique permits instantaneous

switching between a quiescent condition and a steady-state

response. Further, it enables a change in resonant fre-

quency of an oscillating circuit as often as once each cycle.

In the application to FSK transmission, the transmitter fre-

quency and the circuit's resonant frequency may be simul-

taneously changed without exciting large transients, by

inserting or removing a portion of the reactive element whose

stored energy is at a minimum. The result is that the

0 steady-state response is obtained almost immediately (Ref 2s

375). The physics of such a switching operation is apparent

when viewed in a set of differential equations.

A circuit model from which the circuit differential

equation can be derived is shown in Fig. 2. Each circuit

has a switchable DC source (V or 1) for establishing initial

conditions, but both circuits have the same differential

equation when their respective switches are in prnsition 2.

The equation is

v(t) L di + i R + (i) dt (4a)

or,

v(t) = L q + R q + 1 (qo + q) (4b)

where i is the time-dependent current and q is the time-

7
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L R h 1

Case At Switched-C Circuit

C R

Vb(t) 'bt

Case-Bt Switched-L Circuit

Fig. 2. Switched-Reactance Circuits

dependent capacitor charge. If i or q is assumed to

exhibit a zero-transient response, then the required

initial conditions can be determined from Eqs (4a) and (4b).

Assume for Case A, the switched-C circuit of Fig. 2,

that the steady-state current is ia(t) = 10 sin(wt) and that

the switch SWI is moved from position 1 to position 2 at

time t = 0. For Case B. the switched-L circuit of Fig. 2,

assume the steady-state current is ib(t) - 10 cos(wt), and

that the switchIng is the same as for the switched-C circuit.

The result for Case A is

Va(t) - WLIO cos(wt) + RIO sin(wt)

D + (l-cos(wt)) + 0 fia(t) dt (5)

8
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Cand tle result for Case B Is

Vb(t) W -wLI0 sin(wt) + RI cos(wt)

+ 1 sin(wt) - 0 f:b(t) dt (b)

For a resonant ci-cuit, wL •, wilich enables cancellation

of two terms in each of Eqs (5) and (6). The results are
!o f 0

V (t) = RI sin(wt) + Lo- + 1 la(t) dt (7)

and

Vb(t) = RIo cos(wt) + (t) dt (8)

for Cases A and B, respectively. The integral terms of

0 Eqs (7) and (8) are the initial voltages on the capacitors.

If the voltage generator V for Case A equaled

V - 1 ( t)dt =- (9)

and if the initial current i a(0) u 0. or if the capacitor

voltage for Case B was

Cf. b(t) dt 0 (10)

and the current source I 1 b(0) = I, then i (t) and IbW

would be zero-transient sinusoids. If different assumptions

had been made, such as ia(t) I 10 cos(wt) or i(b) - o sin(wt),

then the exact initial conditions I = i a(0) = 10 (for theIo
switched-C case) and V 0 w (for the switched-L case)

required for a zero-transient response could not be obtained.

9
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The application of the above principle to a circuit

operating at resonixnce can result in a frequency-change

current transient that is a small fraction of the steady-

state current amplitude. Fig. 3 depicts the relations

which yield such a shift. To make a transient-less fre-

quency change to 1 sin(wt), the current must be zero and

ithe capacitor voltage must be - ;-7. Such covstraints on the

Current are satisfied every 2nr radians, but the capacitor

t

dt

A B ABD A B A B

Fig. 3. Steady-State Current R_ i/n \/ \

voltage constraint is not met exactly. The capacitor is

charged to -1 /(w C), where is the radian frequency prior

to the change, and such points are designated by "A" on Fig.

3, To make a change to 10 cos(wt), the capacitor výAtage

0urt be zero and the current must be at a maximum. Such

10
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time points are designated as "B" on Fig. 3. A change

to I 0 cds(wt) would have no transient because the current

peak is independent of the resonant frequency. Therefore,

an ideal frequency change can be made by modulating the

capacicor when its voltage is zero, or a near-ideal fre-

quency change can be made by adjusting the inductor when

the current is zero and the capacitor VO.La6Lb .i a&L

negative peak (a minimum). For the two cases discussed

in this paragraph, the capacitor energy (CV 2/2) and the

inductor energy (LI 2/2) are at mutually exclusive maxima,

that is, one or the other has all the stored energy at the

time of the change (Ref 20376).

Synchronous resonation schemes have been attempted

both through capacitor modulation and through inductor

tUOUUuutaik (Ref 2,5J377/. Thne inductor LIodulaUoUIL ca'e t:X exiV-

its an almost negligible transient if the frequency shift is

small in comparison to the resonant frequency. The system

whose spectrum Is sought uses induction modulation; however,

it can achieve frequency shifts which are significant in

comparison to the resonant frequency.

A General Switched-L Circuit for FSK Transmission

The circuit of Fig. 4 is capable of a zero-transient

frequoncy shift for the cos(wt) form, or those denoted by

"B" on Fig. 3. For the sin(wt)-type frequency shift, or

those which are denoted by "A", a transient response will

occur. For the type-B (cos(wt)) shifts, the initial

condition generator must create a current, 10. in the

]1
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L L

v 1 (t) 2

FT - v2 (t))

Fig. 4. Switched-L Synchronous Resonator

switching inductor, L5 , and the voltage sources must

be changed simultaneously with the L switches. The ad-

dition of L will lower the resonant frequency. lo return

to the original frequency, the ganged switches must be

placed to their original position when the currenL is at a

positive maximum. However, the type-A (sin(wt)) shifts can

be achieved if the current source is a short circuit, and

if the frequency transition occurs at an antenna-current

zero-crossing with positive slope. The addition of L willSi

again lower the resonant frequency, and the transient is
caused by the mismatch in the capacitor voltage. The

capacitor is charged to a maximum energy level at one fre-

quency; however, the frequency change corresponds to a

different capacitive reactance and therefore to different

voltage and energy levels from those which are necessary for

a zero-transient response,

12
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In boLh the example cases, the volta&c sourcus arc

assumed to have phase continuity. That is, at the time of

each frequency change, there is no instantaiic-ouz jump in

the voltage phase. Such a constraint imp.les a spccIaI

synchronization between the sources, as we"ll as between ,.he

circuit current and the switching Lime of L.,. ApplopriaLe

synchronization and control circuits were developed for the

ETAM (Ref 4s7).

An Anterna Modulator for Synchronous Resonation

A model of a synichiconously resonated antenna modulator

for FSK transmission is shown in Fir. 5. The model is a

variation of the circuit in Fig. 4, in that the effective

primary inductance is L if the switch is open, and the in-

ductance changes to approximately L1 - (M2/L2), with R2 very

small, when the switch is closed. Not shown in Fig. 5 is a

R- C La R2

V(t) __ _ _L

R1, total transmitte- and antenna resistances

R resistance of the tur'4.n coll
C antenna static capacitance

La antenna apparenLt inductance

L, stum of the helix and tuner inductances
M mutual coupling inductance
L2  tuning coil self-inductance

Fig. 5, An Induco.ively-Coupled Synchronous Resonator

13
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U timLng circuit: which enables the switch to open or to close

and which changes the frequency of the source at the instant

of aIn 3Jmtcnn3-_rrrent zero-crossing.

OieraLional. synchronously resonated FbK systems u.•c

a saturable reactor or an elctronia ally swItchvd inductive

shorting ring t:echniquc to achieve broadbanding. Either

teclunique can be modeled as the circuic of Fig. 5. Such

broadbanding, maethods are. however, limited by the large

inherent saturable-reactor time-constant, or they are

limited by the speed of the solid state switches. The two

time delays cause an error in the switching instant and a

prominent phase transient occurs for transmission rates

higher than 50 baud (Ref 3M555).

a;:The ElAM has demonstrated that VLF antennas can be

bYICj,01i*•0L*Uu Y-vSunated 'Lot broadbandli-L by 1-nductoros which_

are magnetically coupled to the antenna tuning inductance,

and that are zihort- or open-circuited with newly-developed,

high-speed, silicon-controlled rectifiers. The result is

that the resonant frequency of the system instantaneously

follows the frequency to be transmitted, although a tran-

dient does occur due to the capacitor voltage error. Ihe

high-current, high-voltage rectifiers are triggered so that

in this swntched-L configuratLion all changes in resonant

frequency occur at the instant of an antenna-current zero-

crossing.

10
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I MPI.C. tItIols-)
The t.plications of electronic broadbanding are thaL

VLF FSK transmissions can now be made at rates much higher

than previously feasible, and in addition, the shift betwCen

the markling and sjaciWg frequencies can be many times the

system bandwidth, The energy spectrum for the synchronously

resonated, FS.K, antenna current at the higher baud rate will

therefore be far wider than the bandwiithi for an antenna

without synchronous resonation.

0 1

. .'

0
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111I. Current Analysis for Synchronously Resoiired Atntennac s

The preceding chapter contains a circuit diagram for an

inductively-coup.ed antenna resonator for electronically.-

broadbpnded FSK transmission. The purpose of Chapter Ill is

to develop an expression for the antenna-current transient

response of antennas which use the resonato7, and to develop

an expression for the capacitor voltage error,

Antenna Transient Analysis

If the antenna circuit is considered as an RLC circuit,

then its differential equation is that of Eqs (4a) and (4b).

0) Gamble (Ref 3sAppendix B) has shown that if the steady-state

current is v(t) = A sin(w 0t), then the steady-state capac-

itor charge is expre..ssed V y

A cos(w t) (11)

Rw0  o

if

R 2
'i~. LC

Fig, 4 indicates that an inductance, L5 , is add~d to or

removed from the circuit at each frequency cha ge. If Eq (4b)

ý.s expressed as

2.- q + .24 -+ q q v(t) (13)

where

R (14a)

16
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0 w2 1.-- (14b)

and if an inductance, Ls, is added to the circuit, then

Eqs (14a) and (14b) are changed to

R
1 = 2(L+LS) (15)

and

(L+L2T1 (16)

If the source is simultaneously set to v(t) = Asin(wlt),

then Eq (13) is changed to

q + 2cLiq + wq= L+L- sin(wit) (17)
s

0 and the Laplace transform of Eq (17) is

2 2s 2 Q(s) - sq(o) - q(o) + 2aisQ(s) - 2alq(o) + w1 Q(s)

A Wl (18)
L+L8  -7

The proper capacitor charge for a zero-transient response

at radian-frequency w. is

f sin(w t) dt -q(o) - A (19)
f sin*w K Rw I

in accordance with Eq (9). However, a voltage error does

exist and departure from Gamble's analysis (Ref 3sAppendix B)

allows the initial charge to be redefined as

q(o) = A (l+Yl) (20)Rw1

17
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where y1 is the capacItor-charge error-fraction. The

subscript 1 is for parameters at the shift to any general

frequency wl. If Eq (15) is rewritten

2 A . 2A (21)

then substitution of Eqs (20) and (21) into (18) yields

Q(s)LS + 2ais 2 w] Ar ( + Y1)[s + Zcl 1]
LM 1ww 2-Aal W1 (22)

R L7  (22
a + Wi

where q(o) = i(o) = 0 for an antenna-current zero-crossing.

Then

Q(s) A (s ++ i)ad + 1 (23)
QWs) 12+& (s[ + a W&

where

W_ CLI(24)

The inverse Laplace transform yields q(t), and differen-

tiation of q(t) gives the current i(t). Since, from Eq (12),

Ml2 << 2 (25)

then

wn L Mw (26)

The complete response. i(t), is

i~t) -- •El + Y1 exp(-c'lt)] sin(wlt) (27)

where Eqs (15), (16) and (20) define the parameters.

18
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A more meaningful form of Eq (27) is produced when the

relation 1
fl --•) 1R Ial (28)BW -Bandwidth( 3 dB) 1 =WlL =r•

is substituted into the exponential term of Eq (27). The

result is

i(t) = A CI + y1 exp(- ir BW t)] sin(wit) (29)
1 I

Eq (29) emphasizes that the transient term decays more

rapidly when the antenna bandwidth is increased,

The antenna current expressions, Eqs (27) and (29), are

based upon having a knowledge of the error fraction, yl, at

the time of the frequency shift. Given such information, an

error fraction can be calculated for a frequency shift which

occurs at any ensuing antenna-current zero-crossing.

Error Fraction Calculations

The capacitor voltage at time t can be expressed as

V(t) (a) do + k (30)CC

where k is the voltage at t - 0 and i(t) is from Eq (27).

The constraints cf Eqs (12) and (25), with the requirement

that all error-fraction calculations need be made only at the

instant of an antenna-current zero-crossing (that is, when

an integer-multiple of cycles has been completed), yield

2,a Waa

1.9
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Fig. 6 depicts the time relations for Eqs (32) and (33)

below. From Eq (20). the initial capacitoj: voltage at

time t = 0 is

A (I + ya) (32)WaRaC

and ti;.e voltage at the instant of a later frequency change

may be similarly expressed as

WbRbC + Yb

k cycles of m cycles of
Eq (27) @ n cycles of Eq (27) Eq (27) @d
wc rad./sec. @ wa radians/second wb rad./sec.

t t2

-- (t 2 -t 1 ) . 2n--
wa

vc(tl) -A (I + ya) capacitor voltage at t 1
CRaWa

Vt• -A t I .-- A. V
CRbwb '-ib

Ya = a known (specifiet) error-fraction

Yb -the calculated error-fraction for a
frequency change 2n__m seconds after ti,

Wa

Fig. 6. General Error-Fraction Time Relations

0
! /'
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Substitution of Eqs (32) and (33) into Eq (31) yields

RPWb [1 . Y exp(- 2nfa)] 1  (34)Yb = RAW--- [ a Wa -

from which the error fraction at the next frequency shift

can 1e calculated. Eqs (27) and (34) provide a method of

calculating the antenna current, given a specific FSK bit

stv:eam.

//
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() IV. Spectral Analysis for Synchronously Resonated Antennas

In Chapter III, expressions for the antenna current and

for the capacitor voltage error were developed. In Chapter

IV a method is developed for finding the energy spectrum of

FSK signals which are transmitted through a synchronously

resonated, VLF antenna that is retuned to the marking and

spacing frequency at the instant of the antenna-current

zero-crossing.

Examination of the Signal

The signal set which determines what is to be trans-

o mitted Is a bit stream of marks and spaces, or ones and

zeros. Stich a binary bit stream is similar to the output

from a teletype or from a binary encryption device. For

this study the bit stream is assumed to be a series of

independent, equiprobable ones and zeros.

By assuming that n (the number of cycles) is infinite

for Eq (34), one can calculate the maximum error fraction at

the instant of a frequency change which occurs after steady-

state oscillation has been reached. Consider that for a

change to the higher frequency Eq (34) gives the maximum

error-fraction as +0.1, and for a change to the lower fre-

quency Eq (34) gives the maximum error-fraction as -0.1.

However, for thp transmission of a random bit-stream the

Q error-fraction would not reach those maxima. The values

22
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C') that the error-fractions assume are distributed in an

unspecified manner between the two maxima. For example, if

an antenna with a 3 dB static bandwidth of 65 Hz is synchro-

nously resonated, then the time constant shown in Eq (29) for

the decay of the transient would be (1/(vLW)) z 0.005

seconds, The transient would exist for approximately 0.025

seconds, and it would fully decay only for transmission rates

less than 40 baud. The transient essentially never full,

decays for htgh-baud systems such as are within the capa-

bility of the ETAM.

Comparison of Eqs (27) and (34) with Fig. 5 reveals the

following constraints upon the system. At the time of change

to a higher frequency, the switch SW is closed, thereby

0 reducing the total inductance in the system. However, the

switch and col resistance, '2,

primary in accordance with the mutual coupling between the

coils. The result is that the inductance is decreased by

L. and the resistance is increased by the reflected value of

R2. so that the system bandwidth is increased. The converse

happens when the lower frequcncy is switched, i.e., the

system bandwidth is decreased. Examination of Eq (27) shows

that the steady-state current for the higher frequency is

smaller than that for the lower frequency, because the total

circuit resistance is larger for the higher frequency signal

and the peak source voltage, A, remains constant. As an

illustration, assume for a specific transmitting system that

0 the total resistance is increased by 15% for the higher

23
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) frequency and that the error fraction maxima are +0.1 and

-0.1. The resistance difference and the error fraction

maxima have bocn used in Fig. 7 to depict the antenna

currept that results from transmission of a random bit

stream. Only the envelope of the sinusoidal antenna current

is showui in Fig. 7.

envelope discontinuity caused by capacitor voltage error

0

U)
> steadystate amplitude for the higher frequency.1.

steadystate amplitude for the lower frequency
'-4

C)
t

S0 (a) Random Bit Streamea

Fig. 7. Antenna Current Envelope
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The data shown on Fig. 7 do not indicate that each

frequency shift occurs only at the instant of an antenna-

current zero-crossing. Fig. 8 however, illustrates the

current/time relations near a key-shift point. The fre-

quencies, decay rates, and steady-state current levels are

for illustrative purposes only. The important feature of

Fig. 8 is that the frequency shift must occur within one

cycle of the frequency which existed prior to the key shift.

The change could occur anywhere from the instant of the key

shift up to one full cycle later, depending upon the phase

of the antenna current at the instant of the key shift.

o J A A I Ii A
'(a) f\fIr\I

Downshift I " t

SI donhift instant
key-shift instant PM upsh-ft instant

" I /" Yix• I A A

(b) Cphf ntn
Upshift 4 t

Note. Switching transients are omitted for clarity.

Fig. 8. Downshift and Upshift Antenna Current Relations

25
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The Stochastic Process

If the expected value of a stochastic process is

constant in time, and if the autocorrelarion function of the

process is a function only of the time difference (t1 - t2)9

then the process is wide-sense stationary and the power spec-

trum for the process is the Fourier transform of the auto-

correlation function. Bennett and Rice (Ref ls2355-2385)

used those concepts to develop the power spectrum for a dif-

ferent type of FSK signal from that which has been described

in this paper. The signal which Bennett and Rice used was

phase-continuous (as is the ETAM signal), but the frequency

changes occurred at the time of the key-shift; i.e., there

was no delay due to the antenna-current zero-crossing. In

0 addition, their signal did not include any transient Anal=

ysis, but their simplifications and the postulation of a

uniform density for the signal's phase at a frequency shift

resulted in an analytic expression for the described power

spectrum. One important result of Bennett and Rice's work

is that the analytic expression showed that the power spec-

trum for a certati .lass of SIK signalsi decreases rapidly

with respect to frequencies away from the transmitting

system's center frequency. That class of FSK signals has a

modulation index (M) that is 0.5, where

H u WE f (35)
M • Baud Rate(

and where fu = upper transmitted frequency and f~ lower

transmitted frequency.

26
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If Eq (27) is expressed in a forn to show one 6cgment

of one realization of the antenna current's stochastic

process, then

i(t) -- [i + y exp(.ct)] sin(wt)

0 9 t <E2_n (36)

Where y, a., n, w, and R are realizations of random variables.

However, probability densities may be assumed only for R, a,

and w because they are functions ot the underlying random

telegraph signal whose density function is known (R, a, and

w assume one of two values). The random varible n may have

a binomial-type density function, but there is no definite

data to confirm that. Finally, y's density function can only

be described in terms of its range of values; i.e., the

maxima described under the previous Sub-heading, As a result,

the mean and autocorrelation of the ETAM process cannot be

calculated directly. As a hypothesis, however, the EIA11's

power spectrum could be very similar to that for Bennett and

Rice's work, because the range for y is in general a small

fraction, and the Lange of values for n can only be different

by a fraction of a cycle when compared to Bennett and Rice's

FSK process. Since that hypothesis is only an estimate, the

author chose to develop a general-case, iterative method

for describing the power spectrum for ETAM-produced signals

for any general value of modulation index M.

27
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Solution Method; A Finite-Time Fewer Spectrum

An expression relating the energy of a signal v(t)

to that signal's Fourier transform is

2( t) dt I T F(w)I 2 dw

" R f*Im(f)}?] df (37)

where E is defined as the energy dissipated by voltage f(t)

applied across a one-ohm resistor, or by a current f(t)

through a one-ohm resistor. Eq (37) states that the energy

of a signal is givern by the area under the IF(w)I 2 (the

magnitude squared) curve, integrated with respect to the fre-

quency variable f - w/2rr (Ref 6,127). The power spectrum

0 can be interpreted as the energy per unit bandwidth (in Hz)

contributed by frequency cowponents at frequency f. The

units of the energy density spectrum are joules pexr iz.

The Fourier transform for a Uinite number of cycles of

the antennia current (an n-cycle segment of one realization of

the random process i(t)) can be expressed as

F(w) 0 D)H +- (B - ABD + ACG)
B2 +

+ j GHw + (ACD - C + ABG) (38)

where
* A - exp(- 1 (38a)

0 2
Z8
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B-a2+w 2w (38b)

C = 2wU (38c)

DP cos( 2un ) (38d)w
L = w2 _ w 2 (38e)

G -: sizt( 2•w)(38f)
w1

R a A, (38g)R1

and where w is the radian frequency for that specific seg-

ment. All the other subscripted parameters must be assi6ned

appropriate values for the conditions at the begiLuadng of the

segment. The definitions of each of the values are as pre-

sented for those of Eq (27).

The transform of Eq (38) can be adapted to generate the

poiwer spectr-un 1*ar a frinjae ofm -h~ waefrm of~"--

Eq (27) by application of the time-shift theorem. The time-

shift theorem states that if a wave4orn1 o.s sshifted in time,

then the Fourier transform of the shifted wave can be found

by multiplying the known transform by exp(-jwTd)t where 1 is

the time to which the wpveforxm is shifted. Hence, the

Fourier transform for a finite number of sequential waveforms

like Eq (27) can be found by adding the exp(-jw~d)F(w) prod-

uct for each segment. That is possible because the Fourter

transform is linear and uuperposition holds.

A finite series of marks and spaces from the imderlying

random process gives rise to 6 finite sequence of antenna cur-

29
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Drent waveforTrs tEq (27)). Therefore Eq (.38), along with the

time-shift theorem, can be uscd to calculate the Fourier

transform's real and imaginary valueb at speci.fic frequencies.

The value of the energy den.ity spectrwii at a specific fre-

quenry fi can ther. h• calculated by
m 2 m

F(fi) (z Rej (fi)) Z 12 (39)
j =1 j =1

where Re i () and ImJ(fi) are the real and imaginary values

of tl'? Fourier transfori, of tne j-th segment at frequency fi.

Eqs (38) and (39) axe discontinuous at the frequency

which i_ being transmitted. An expre3sion (via L'kiospital's

rule) that is valid at the discontinuities is

r 2
lim F(w) w j_ (I - A)] La -
w wI a2(a2 + 4w1 )

r
jliylwl _C"! A)'' (40)

+4w1

where the parameters are defined as tor Eq (38).

In order to make the finite-time energy density spec-

trum meaniigful for a compaLative analysis, the spectral

components must be normalized, and that is done by adjusting

the spectral values at caeh frequency so that the area under

the energy spe,'xtrum is one joule, vhen integrated across the

entire frequency domain, One possible way to do that is to

dtvLde the energy density spectrum of Eq (39) by the total

energy. The energy (E) of one segment (Eq (27)) of the

antenna cutre•nt is

30
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4yw2 -2W2 2
E Mn*1 1-2((A) I._ I-(A2.1)) (41)

Gj3+4 zwi 4o.1 +4 IM 1

where the parameters are as defined for Eq (38). The total

energy is the sum of the energtes for each segment of the

serie.s•

Relations Btweefl the Circuit Parameters

The method outlined in the preceding paragraphs pro-

vides a way to generate dhe energy density spectrum for the

antenna current resultinag frotz a finite-length random tele-

graph signal. There does remain, however, a set of unspec-,

ified relations between the parameters of practically all the

preceding equationL. The parameters are Ra and Rb. the

, Ktotal circuit resistat•ces for the case of the lower trans-

mitted frequency ki aii d t htghtr- .. a..m. •eA froenflncy

(f5), respectively. The 3 dh bandwidth and the total induc-

tance for the lower and higher trarnsmitted frequencles have

been designated NWat BWb, La, and Lbc respectively. The

first relationship between the parameters is

b_ Ll- +Il
[ab f

The relation for Eq (42) is entirely empirical in th-at it

was fo•,mulated from the tesults of H1artley's work which

included the resistance of the SCR switches (Ref 46557).

*I In addition to Eq (42), Eq (28) can be used to express the

ratio of La and Lb as:IO
31
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Lb f2 RbBWa
= a ~bVa (43)

ibb

from which
fb Rb Ba

BWb 2 RB (44)
a a

The use of Eq (42), (43) and (44) provides a rational basis

for selection of the parameters for Eqs (27), (34), (39),

(40) and (41).

Generation and Compilation of Spectra

A computer program for calculating the energy density

spectrum generated by the transmission of a finite-length

random bit-btream through a synchronously resonated VLF

antenna was written and used to provide data from which the0
spectra for various cases were plotted. The principle ex-

pre,5sLois ubed iL the CompMuter program were Eq (38), the

Fourier transform; Eq (39), the power spectruml Eq (41), the

energy in one signal segment; and Eqs (42) - (44), the inter-

parameter relations, The program Is completely general in

that the modulation index, bandwidth, baud rate and the

marking and spacing frequencies are variables. Appendix A

contains a listing of the fuindamental portions of the

program,
Since the program is completely general, a specific

set of parameters representing those of a hypothetical VLF

transmitting system were chosen to demonstrate the program's

spectrum-generating capabilities. The hypothetical system

32[
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was designed to operate at 27000 Hz ccnter frequency with a

3 dB bandwidth of 65 lHz. Given those constraints, Watt's

work (Ref 80125-140) was examined to determine a reasonable

value for the antenna's static capacitance and the value of

0.05 microfarad was chosen. Eq (3) then gave 0.28 ohms as

the total circuit resistance at the lower frequency. The

remaining inter-parameter relations were determined in the

program by use of Eqs (28), (42) and (44).

Trial program runs showed that the energy density spec-

trum for individual cases reached a definite pattern after

as few as 200 random bits were read and processed. The spe-

cific cases that were run for this thesis all had an iden-

tical random bit stream which was 1000 bits long, That

0 choice provided for a comparison between specific cases in

which the baud rate and the modulation in.d.. ex. {E•q . (35)u were

varied.

The energy density spectra were plotted by using a sep-

arate computer program, but the resulting plots were not well

suited to comparative purposes because the spectrum line was

jagged and greater than one inch wide. As a result, a

smoothing routine was developed for the plotting program,

and that particular set of Fortran instructions is listed

in Appendix A. The entire plotting routine was not in-

cluded because, while the Fortran language is general, the

auxiliary plotters are certainly not. All of the plots

shown in the remainder of this thesis have been smoothed

C. by that routine.

33
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The program was used to examine several cases for the 7
above-specified antenna using an EIAM-like synchronous

resonation system. For the first set of six plots, Figs.

9 - 14, the baud rate was varied from 125 to 2000 in order

to examine how the main, or center, lobe of the energy

density spectrum varied with the baud rate. The next three

plots, Figs. 15 - 17, are for cases where the baud rate

remains constant at 540, but the modulation index is varied.

Each of the plots mentioned above is a portion of a

normalized energy density spectruml i.e., the entire spec-

trum has one joule under the curve. The upper and lower

transmitting frequencies are marked on the plots, and the

normalized energy under the curve on each plot has been

Q integrated and entered in the header at the top of the plots.

Due to the finite length and the random nature of the bit

stream, the integrated energy varies from 0.92 to 1.04

joulesl hence, the number shown on the plots must be inter-

preted liberally. The "steps/shift = 1" entry indicates

that the frequency shift for that plot was an instantaneous

shift; i.e., the entire shift occurred in one step at the

Instant of the antenna-current zero-crossing.
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V, Frequec~y Modulation for S pctrum_ Shaping

A method for deteratining the energy Qensity spectrum

for the vransmission of FSK data through a synchronously

resonated VLF antenna was shown in Chapter IV. The method

was programmed in Fortran and the results of that program

appear on computer-generated plots under tile last sub-

heading of Chapter IV. In Chapter V, an investigation is

made to determine the effect of frequency modulation on

redacing the width of the energy spectrum's main lobe and on

reducing the apectrum's magnitude at frequencies *ar removed

from the system's center-frequency.

What Type of Modulation?

The sponsor for this thesis, RADC, requested that the

effects of ,qaking the frequency changes between ta and fb

over a discrete timo period (rather that the total shift

occurring at the instant of the Pnternna-current zero-

croGsing) be investigated as a means of reucirti out-of-band

spectra. The frequencies f. and fa:• the lower and bigher

trancmitted signals,

As mentioned in Chapter II, synchronously resonated

antennas could have a Oieoretical zero-transient frequency

chan•e once each cycle, at the . xt antenna-current zero-

cxossing. Changes that do not occur at the zero-crossing can

cause sLgnificantt current transients which reduce the signal's
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detectability and potentially can cause datmage to the SCR

switches. Hence, a feasible and desirable method of fre-

quency modulation for a synchronously resonated antenna is

to approximate the desired frequency/time ýcelationiship witti

incremental frequency changes,, ach occurring at an anteMna-

current zero-crossing and each lasting at least one complete

cycle.

There are limitaticns as to how much frequency modu-

lat'on can occur for one specific key-shift, because for

the higher key-shift rates at VLF, the~re are a small nuT•ber

of individual cycles for each individual baud. For example.

a 1600 baud keying rate transmitted on. a system with a

center frequency of 27,000 If% results3 in each mark or space

C)having 16 cr 17 cycles. The frequency modulation certainly

cannot Last: beuyod one baud, and the correlation ana deec-

tion of the transmitted signal wUl. be degraded ini an unspe.-

cified manner as the time period for the shaping is increased,

There is simply no time fo• elaborate frequency shaping

schemes.

For this thesis, therefore, an approximation to linear

frequency modulation is the only, case investigated for

spectra reduction, Fi-g, 18 shows a frequency/time chart for

()) a segment of an FSK Oiep'4al, (2) the sar.e signal wirh

linear frequency vodulation, and (3) the discrete step

frequency micdulation zhat is within the capabilities of a

slightly modified ETAM circuit.
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(a) Single-Step Switching
fbj

t

(b) Linear Frequency Shift

E= t

f (c) multi-Step Switching

QFig. 18. Multi-Step Switching for FSK Signals

Modification of the Program
The program was modified so that the number of steps,

or the number of discrete frequency changes for a single key-

shift, could be specified by a data card. The result is that

the finite-time spectrum for a random bit-stream could be

calculated for an arbitrary amount of frequency modulation,

or an arbitrary number of discrete steps, The transmitter

frequency shift and the system resonant frequency shift

was the same for each discrete step, as shown on Fig, 18.

The spectra for several cases is plotted on Figs. 19

through 29. In each cases the center frequency is 27,000

Hz, and the baud rate is 1600. The spectra were calculated

46
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o for the number of steps per shift being equal to 1, 5, 10,

and 15. Three frequency bands were plotted for each of the

four different cases, the bands being 0 - 32000 Hz (Low-

Band), 25400 - 28600 Hz (Mid-Band), and 32000 - 64000 Hz

(High-Band). The same 1000 bit data stream that was used

on the single-step cases was used on the multi-step cases.

In addition, the error fraction was calculated for each

single cycle in the taulti-step frequency transitions.
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VI. Comparisons

The comparisons are divided into two sections which

are the single-step cases and the multi-step cases.

The Single-Step Cases

Figs. 9 through 14 are plots of the spectra for FSK

signals in which the baud rate is varied and the modulation

index is held constant. Figs. 15 through 17 are plots of

FSK spectra wherein the modulation index is varied and the

baud rate is held constant. Comparison of the above listed

plots with the equations and plots contained in Bennett and

Rice's paper (Ref 1.2355-2385) reveals that their" analytical

expressions (even thovuh for a slightly different FSK antenr'a

current than that for the EIAMI synchronous resonation circuit)

are quite adequate to express the general characteristics of

the spectra for the ETAM circuit for the cases where the

frequency shift occurs in one step. Specifically, the main

lobe width (for the cases where the modulation index is 0.5)

is equal to 1.5 times the baud rate. For example, Fig. 14

is a &pcc,-• plot for a baud rate of 1600, and the center

lobe is hetween 25800 Hz and 28200 lz. The main lobe width

therefore is 2400 Hz - (1600) X (1.5) liz. In addition, the

side lobes each have a width equal to 0.5 times the baud

rate; i.e., the sidelobes for the spectrum of Fig. 12 are

400 Hz wide while the baud rate is 800. For comparative

59
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purposes, a plot of Bennett and Rice's equation for FSK

spectra with a modulation index = 0.5 is shown in Appendix B.

Figs. 15 through 17 compare closely with Bennett and

Rice's figures for modulation indices of 1.0, 2.0, and 3,,0.

The impulses on the spectra were very narrow in the

unemoothed data, and the smoothing routine caused a slight

offset of the frequency marker on the figures in this thesis.

The Multi-Step Cases

In order to evaluate the plots of Figs. 19 through 29,

an additional series of plots was prepared on which the

differences of the spectra for two plots were compared in

decibels. The spectrum for the dividend was the case for

Steps = 1, and the divisor spectrum was one of the cases for

Steps = 5, 10 or 15. At a specific frequency, if the spectra

for the divisor was less than the spectra for the divldcnd,

then the quotient expressed in dB was positive. Therefore,

on Figs. 30 through 38, if the spectra ratio in dB is

positive, then the value of the energy density spectrum for

the multi-step case is lower. For example, Fig. 30 (the

low-band (0 - 32000 Hz) comparison of the Steps - 1 case to

the Steps - 5 case) shows that at 22000 Hz the Steps a 5

spectrum is approximately 12 dB lower than the Steps = 1

spectrum.

An evaluation of Figs. 30 through 36 with the FSK

spectrum in Appendix B reveals four general trends for

multi-step frequency switching. The first is that the main

60 • "
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lobe is essentially unchanged, except for the extreme edges

where the stepped cases are as much as seven dB lower. Sec-

ond, the first five sidelobes on each side of the main lobe

are reduced between three and thirteen dB for the Steps = 5

case, between six and eighteen dB for the Steps 10 case,

arid between nine and eighteen dB for the Steps = 15 case.

Third, the sidelobes further removed from the center fre-

quency than the first five sidelobes are, in general, reduced

in magnitude by multi-step switching. However, not every

sidelobe is reduced and some are actually increased. The

increases are indicated by spectra ratios that are negative.

Fourth, several sidelobes positioned around the second

harmonic of the center frequency are actually increased by

0) ten to eighteen dB through multi-step switching.

6
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VII. Conclusions and Recommendations

Electronic broadbanding by means of synchronous retuning

is the only practical method for transmitting high data rate,

frequency shift key signals at very low frequencies. Effl-

cient, high power, high data rate transmissions are not

feasible in conventional VLF systems because of a severe

transmitter/antenna impedance mismatch and because of pro-

hibitive signal phase distortion. However, because the

electronic broadbanding technique shifts the antenna system's

resonant frequency in accordance with the transmitted signal,

the bandwidth of the transmitted signal will. be wider than

0 the system bandwidth for an antenna that is not synchronously

retuned. This thesis contains a computer program method for

determining the energy spectrum for frequency shift keyed

signals transmitted by synchronously resonated VLF antennas.

Conclusions

Single-Step Cases. The approximation for the energy

density spectrum of an FSK signal with a modulation index of

0.5 that is transmitted by an electronically broadbanded

antenna has shown that the width of the signal's main energy

lobe is equal to 1.5 times the baud rate. In addition, the

sidelobes each have a width equal to 0.5 times the baud rate,

Those spectrum results were de;ermined by an iterative method

Q which used the specific stoihastic process for the antenna
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VI . Conclusions and Recommendatio,-s

Electronic broadbanding by means of synchronous retuning

is the only pK-actical method for transmitting high data rate,

frequency shUt key signals at very low frequencies. Effi-

cient, high power, high data rate transmissions are not

feasible in conveational NVLF systems because of a severe

transmitter/antenna impedance mismatch and because of pro-

hibitive signal phase distortion. However, because the

electronic broadbanding technique shifts the antenna system's

resonant frequency in accordance with the transmitted signal,

the banowidth u. Lhe transmitnted al will be wider than

the system bandwidth for an antenna that is not synchronously

retuneO. This thesis contains a computer program method for

determining the energy spectrum for Arequency shiit keyed

signals transmitted by synchronously resovated VLF antennas,

Sir•le-Step Cases, The approxtration for the energy

density spectmim of an FSK signal with a mcdalatior. index of

05 that is t.. --ismitted by an electronically broadbanded

antenju'a has shown that the width of rlie signal's main cnergy

lcbe is equal. to 1.5 times the bau<. rate. In addition, the

sldelobcs each have a widtn equia to 0.5 times the baud rate.

Those spectrum results were deteymined by an iterative method

wh.ir.h used the specific stochastic process for the antenna
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current of a synchronously resonated "VLF antenna, in which

a frequency shift could occur only at the instant of an

antenna-current zero-crossing. Also, the algorithm included

the effects of the current transients caused by an inherent

initial condition mismatch.

Bennett u.nd Rice (Ref Is2384) found an analytic solution

for the energy spectrum of a significantly different FSK

signal. Their analysis did not ificlude any time delays

caused by the antenna-current zero-crossing criteria, nor did

their work include the effects of the antenna current

switching transients. However, Bennett and Rice's analytic

solution gives the same width for the main and side lobes as

does the itera{ ive method, and the values of the two spectra

0• are equal. within one dB. Bennett and Rice's analytic

solution, then, provides a close approximation to the

iterative method used for this thesls•

Multi-Step Cases. All irequency shifts for the single-

step cases were essentially instantaneous. The multi-step

cases were devised to determine what spectrum changes would

occur if the complete frequency shift occupied a finite

time period. The program was m~odified to approximate a

linear FM frequency sift by simulating the transmission of

a series of single cycles at incrementally changing fre-

quencies in order to reach a different FSK frequency. The

frequency shift increment for each single cycle was the

Ir same, so that the frequency of the last incremental change

10 was the terminal frequency for that shift. For example, a

72



GE/EL/73A-10

Steps = 3 shift completed one cycle at the original fre-

quency plus 1/3 of the total shift, then one cycle was com-

pleted at the original frequency plus 2/3 of the total shift,

and then the final frequency was reached. The spectrum for

a hypothetical 27000 liz center frequency antenna which used

synchronous retuning to transmit F$K data at 1600 baud was

calculated for Steps = 5, 10, and 15. The results are tnat

the main lobe is essentially unchanged, but the first five

sidelobes on each side of the main lobe are reduced between

three and thirteen dB for the Steps = 5 case, between six

and eighteen dB for the Steps - 10 case, and between nine

and eighteen dB for the Steps = 15 case. The other side-

lobes are generally decreased by mu.'ltl-step switching,

although there is an increase in the spectra for all the

multi-step cases near the se'.!ond harmonic of the center

frequency (54000 Hz). The first sidelobes on either side

of 54000 Hz were increased between 13 and 20 dB,

Recomme'darions

Examination of the conclusions and criteria for this

thesis brings forth two recommendations. The first is that

the detectability of the signal for the multi-step cases

should be investigated. Even though there are significant

improvements in the transmitted spectrum for a multi-step

case, the approximated linear FM in that signal may degrade
r

its detectability by standard receivers. Second, the por-

) ti.on of the program which generates the linear frequency

shifts could be modified to approximate a different shift
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pattern so that further improvements in the energy density

spectrum could be investigated. Specifically, the sidelobes

near the second harhmonic could possibly be reduced by a

differenL FIA pattern.
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Appendix AS0

Computer Pro rams

The main computer program written for this thesis is

listed on the following pages. The program is written in

Extended FORTPAN for the CDC 6600 computer, hence, some of

the InpuL/Output format statements may not work on all ma-

chines capable of compiling a FORTP•AN pro.ram. The type Qf

data cards required are defined on Comment cards within the

listing. An example set of data cards is shown at the end

of this Appendix.

The product of this program is two arrays, one for a

set of frequency points and ont for the corresponding set of

energy density spectrum values for the data stream fed in as

data, or as generated from a random number function. The

author did not include an output format, but the place ro

Sinsert a standard textbook variety format was noted in the

listing. The author used an array 2 for testing of the

routine, then later, he used a Call statement to a subrouitixe

for creating a machine plot from these arrays.

The main portion of the smoothing routine for the

plotting program is included before the data card examples.

The spectrum array points are very jagged and a smoothing

routine is necessary for a machine plot or for a set of

points which can be manually plotted. The data cards shown

for the prcgram contain the parameters for the smoothing
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routine, hence, the parameters are available for the
smoothing routine whether it is used in the main prograw

or in a plotting subroutine,

(77

wf
''

I©



C-E/EEl 3A-1O

0 PPQr-PAM P,)jtJTE (IN\PUT, OIJTPUT, TAP E5zINFUI ~TAfEb=OJT0LTj
1tLC1,FUN;A,TAF-U ,iAr7-,

c AFFAYS -EtI., CL) , -~CULES , AND RATIC 11UST I-PJE TI- SAý LrEýG7
C, IIN 1HTS c)ROC-PAf AI'D 114 Tt-E SU9R~OL1I~l- SF'-CTRA*

.CC11ON R-A(7002~), CLX(200ý), 0F)4cGY
CIýENISIOA J0ULrS(2OO,7)q ,pArIo(?003)

LCLIVALEN1C- (RF-A(1), J'JUL.7S( )), (CL (1) , Ptkl'1OiQ))

!t'TEGEP 3IT,7EPCES,Ct1E:S,8I3T0, STREA-'
P~EAL JOULFS
F12 = 24-432ý3

c !IýJIALI7E- IN17EPtNL VALUES BEFEORE PARAMETEq CARO IS REP[

7rLLAY n

LI.ý13 0
2EFCEEI 0
CNES z 0

RFEAC 2r,9,,FHBif-'I,LCW ,Ali.' r-,S AC EL ,P N F-X'~V

25 ý Cl OP

C; 'TI- rADA'IET Rý A~RE OETINED BE3LOW.

C FIE(H IS THr ýICH~LP TANFMIrTEfl F'RECLE'.ICY
C Ft (h TS5 TH L.CWtR TDAN4ýfHTrTTFL1 F-PLCtL.FCy

c f AAFK Ic; T~ic" LF"Au PMA* '4tT--" rQO ThEc I-i ch5IE fr1'OJENcy

c ýsHICH IS AR--1TAP!LY CHOSEN TC ýz 1FPAN PTIFU- Wý-Ek'
c EINARý ONF. 1ý fLAL) If4 TFE: 9?T S'irEhMa
C ?5P~ 1 THE ALFIkA rARA?'ETER F(Ir 71E Lt'.VE FRKrtJFKCY.
c FAL[ TS THc PALr ýZTL..
c IPIIý )S T'-C LCI'[r- F:C6, FCCIUENCY CF T~'4 EFECIRFUV WTIO-Cl'.
c FFA IS YHr UFPLR [C Fifjf)!)LNGY CF TI-r 'FrC1fKUV WirrC0.

c CAý IS THE NIrIIAL fý4RP IJ1 Cs
c /Ft(R IS THt. 1CTrAL P:Syr'TANf'V-E F:C' T~t, H107 FC+ ".-tOUCICY.

FýK ýTH7 ITPI cCISSTA1*aF EFG-C' FE: LCIA'U.JCY

FIE = i ~A!ýLES A rLOT72Nr~ SU'ýPCL11N(, rici a os~irj IT.
c F9 h Ff"%:;TING OF P4RAf-.T--RS F(' C jR VT N
C !KLCT'ý CN4 ýPCF CALL TC IT. 2E AhAF;E CF IlFF

78



GEv/EL/73,%-1O

() CLU9Eý OF CATA WHCII,1 PAY PE PRINITX7- IF FPIN =Co

C TlHEN THE PRjNTEC OUlFUT IS OMITIEC.
C.
c SPECTH =1. FNbVIES S"OO0TVINC IN' THE FLO1TINC ROUTINE.
c UEL INVERS-z- IS T1HE LY-,1qTh OF THE-- SNCCTHTNC £t~.

*FAFCr I £-NAELES) 179Rcý FRACTION CLLCLLDTICN FOR EACH
r CALL 10 SPEC1PA. T-PRCR =U SETS CAMýA TO ZERO.

* C FAII:CM = I ENAFLES CEN--kLTION CF A EtCC IT STOEAV0 P'r
c UALLS To TIE FA~oo~i r,,u1;ER G.FtUFAICP?. Rflt%.COM = a

C AUS-E& THE EliT STc:EAm To nE REAF FqCý CARES.
C 51CIOF =1 CAUSE'rS Tý4c S-1OTH INC RCUT IN? TC WCFK ON 6LL

c 114L SP7CTRDIAI LAlA. SrCTOF = 0 CAL5E's THE SrOOTHiNC-
C rO'JTI t E T0 SPCCTHi THE VALLIE-S ANC IGNOFE THE- PEAIKS.
c

C WEj-: t"1t-OF-FILF CL.Ar FOR TAPE (5) IS EET TC CNE IF TI-E FE IS
c tO DATA IN THE;- INMIT FILE.

Ifd~Eo'(5.NE-. C) STOP

E$C 201v, L,LS

c 1 15 1-C NUrOEz'CF FCýTNTS DETWEEN FMIN tNC FPAX AT
c h~i-ECH THE. Sf-EVTCUM IS CnLCULA1EC. L NUST tOT qE LARCEc

() iAN Ttý Ol~t-%SICN OF "Hr M-P'FY pE-A.
L IZ IS TH7' LLENGTH or 14 FIT ISTRFAM. LS rU5t t'CT 9!- -CP~

C WAN T'HE- OIPE-NSICN4 OF THE: ARRAY STREAM.

200 FC0i-AT(rl1%.0)
201 FCCý"1 (15)

C ES7?OLTSHiEl RAIlAN AN) F&EOUENCY FflRArETEF SET.

FiEtN (FMI~iKAN+ 1

FH>=(!-AX/ýMEA\)4 Pt2

ý,VPA A4 A V ' i!,- A ý
I'EELTA X (WMA.ItIN I/(1L-i)

FtEA WPCiNX r-2

c PFK AI W'iI.RK/RP> CALCULATE') INSTEAC CF FI>EO BY hHAl

c hAS READ TK FFEVICUSLY.

C CLCtFRS ARPNYIS qfFA AND CLX
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502 CL)UMM)

C FF1143 OlUT THE FARAMETL--RS THAT WLRL FEAC IN.
FF114 (.16

406 FCr4AT(p11j)

402 FCFPytT(tI ,T?n,-Tt--: r~AMAETE-. s R'Ac IN rc/
1T2 QI"rHIGH*, T ý0, *MaPýK-160, -rMARK+/

47gJIS, 3( P- 1P3. 6 , 7 Y),/
5 12 C,-eAU9-*,TLCL4 F[A X;,T 6a,#*Sto4'uA#
E~lSSVC(IP7E 7.F-,X) //
712 C(,#MOL ITUP*, T LOM" R tY LENGTHqI EG4 I1Fo,4FIN/

ST2 Tl#9 i.,T3 ,%d'A Y^,'"6fl, WOELT A/

c tTlS3 (1PEIt3. 6,-7 I ///)

C i-IS FILLS 7T-Jr APCAY ST PrAM
622 IF(FbND-Oi.,-C.0.: U' TQ r341

CC 507 I~,S
Flf IAQFCA =PAI'F(P15)

Ft1h RAJF(POA)
Si FFAM UA) = I
IF (FAN.LE. 1.5) ST;EA'1(IA)

507 CC1'1NUc
S1F1IIP(LS) =
(C 10 64?

4 c
641i PEP[ 202, (STRE-Ar,(IK), 1K =i,LS)

202 F CF?41 (7211 )
.11 LUU- t*)5 .idt.. U) SlTOP

642 3F (FDIf1.7EQ. 0. ) GC TO 607
FrIýT 493

409 FCrýfrTC140Q,Tb ,-STrS-,Tl5,*IS4 ,T2aW*INt

C F!CIN RE:ADING M'D FROV-SSING THE ST t--0 Eli $TPrAM.,
C

C ý fErxA'4INMTlCrN OF TPE STREIM1 AkRPAY
607 F11 = STRZEA1'(K)

-V = IFti
IF (FIT.El. 1) CC TC 610
IF l(EIT.EO.~1) ;:ýC IC F1

IF CC TCE5605
IF (EIT.e.1. 3) C' TO 603
CC 10 603
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Ii ~1

610 Ct'5 Q'IES I
600 IC (.Q )G r 03

CC 10 b07

E,13 ZEPCES =ZF.ROES + 1
CC if) 6 n a

603n Iif tElT 4El).lITC) C.C TO 607
CC 10 6n4

60£ L A S12 = I.
rc 70 604

C
60S LtS13 = I

C (I'EV) VARIACLES AP Fr,) SrOIES JUST PPAE NFO SILI

c gr Lt) VAýXAILES AgE FIR ýFti'IOUS SEIF.S CF FCP SERIES

c IC ý£ READO FRC, SIREA'1 NEXT.

6014 IF(rITo.20Q.1) CC T0 61.1
EllC =BIT

F EV=RSOACE

IACL( = AAýK
FC(LE = W'jA QK

CC 10 605

611 EI1117PE 0NE5/EALC+0-ITTIME

FI IV C

PCLC AS0C

)%CLI W; WP A C
FCLU R SP A C

c rC 10 605

c ;I =P IF TH-IS TS THý F1PST SERIES TC 3E REAC FP0?l SlT;A.-

605 IF (,1.1.F')*0) CC TC 6i'.

CC TO 10?3

614 CýEl+= G~lk1A

CC IO G23
C
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c EýA'CH~ nOINT FU; F-ULTI-STEP SWITCHIýG,
623 IF (a TFS, --o I) CC TO 63~

IEIEP = iIS - 1.
ýý= OLJ)

fl =AOL0
r

L( ý3O IS =1, ISTEP

c CILCULArE F'PECUFENY AN RAMETERS FCF IhI SIN(L¶ CYCLE ANt
c FCII VFXT STý'GL7 CY"ýL~.L
c 'It-IF LO')y~ itrýC_ ENTS THLI PARAMET ERRE lTHLC~cH
C (STEPS-to ) rALLS 'TC SPL-C'-R FOP THc SINCLE CNCLFS*
C.
C, Iý-L FARAllcTEP FCR 'ThI, SlItGLE CYCLE*

t, AN +- (ANr%-ACLC)/STEPS
FIý RN + (RN~t-FCLO)fSlEPS

C
c TI-E PAPA4CTFR~S FCF; 7H- NEXT SINGLI CYCL:E..

1ý) N + (WticýWCLC) /STrFPS
F> = N +- ( PN A-PC LOJ)f/STrP
t) ANl + ( ANiN%-ACLD)/STEPS

L (ILL SPECT- ( A , WN, TO- -EWLnLAY,~MIN WCELIA,A, ZN)
'IF F(FPTN. 7-. 0. ) CC TC49
FFlr'.f 41i9,STEFc ,I,',hAN, WX,PJ(,Ac ,0EL.AlY,rKEW,ENE.;:scY

410 FCRýATUt-i ,3,~I.,XIXIeA

c CPLCULýT - GAVVA FOP THE NEXT FPECLcNtCY.
421 Ct'Eg =(XX / (Cký*WN) ) * (i.+GN-W*-ýXF (-F12'At,) /WN))-.

IF tERORoL. 1 ) CN~w~ !z.
I(ELAY = TOE.L.41 FI2IWN

*530 CC N IINUE
C

*C CEIERMI'Iý_' 'IJUME7- CF CY(CLLS TO MOVE ICn'LAY PAST nITTIVE-
633 t, 1

CYCLE. = I~l/WN.-W
01 Il JF CYCL .+T0':L A YG E.31T TIME ) GO TC r512

CC 10 616

c

612 IF(ETLFSoEf).1v) GC TO 632

c [tLCULA4I- IN T7ýFTAL (N) V/ALUES ANC KýLF SA?ýE (X) VALLES.

At =AX

C 1IFL FARAIETEPS TH-AT HILL r3E IIEZE(C FCR 71-cl NEXT SINCLE CNCLE.
Iý=1W~cW-(wNzW-6CLC)/STrPS

tX= AN'ýW-(ANýW-ACLC)/STEOS
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F) N : PINEW (c'I h-FCLc)/STc'S
C C 1!0 634

63? =' WOL r
F) = RPOL")

)=A OL D
= 4 NEW

tI\ ArWN

6 3 1 CCAL L FSPE-7C T;ý A(N ChNur 1, L, T 0aEL AY,1VriN,14 CELTAA R N
1IF (F RI''i.E=Q. 0.) C-C T I C' 35
FF11T41 -3 ,T FS ,I FddWt, RNKAN, WX ,PXIA)¼TO0L L A Y, C NEW, E hE R(C
IF CSTFPS.Tf.1.) G-C TO o r h
F1IST 429

420 FCF1AT(1H
6o3 5 CEINE = ( VX*WX)/N *WNH)(1. -I-G1EHV0:-.XFP((12?"*AN) /W N~1

I1!ELAY = TOLLAY + IN'1-I2/hNEW

IF (LAST?.EC*'.tI) CC TO 619
IF (LASTle CQ. 1) CC TO 61q
CC 10 o07?

r .jjE CNA±I'- NOPIALI>O 0ONt -STCEC '71S t RGY SPECI'F~tr

11 i-PI IS IOCRMALLIZE 10 ONE JOULE LVEE Tý-L CURýE. OF
c %:CLLES DE"R tNIl FO-UE:'1CY.
C
619 FF114 411,B-NtEzzCY
411. CRPKAT(//,T5O'TCT!lL STtZEAM ENE?ýGY = ,1FE1Z.L,2X,-

CC F 0' 4Ii = 1 L
504 jCLI.ES(lJ)z((r,(IJ)+2CLX(IJ)**2)/ENEFGY)2.L IhiFCFRAT-:ý THL NCOfrAL!ZZEU ENERGY SF-ECTcUJ'1.

CC 50c 7 = 1ltI.
506 P~ctz((JOULES (IE+1) +JOULES (IE))/2. ) 1'hELTA)d/FI2 + APE A

F9I1'.T 412 , PFD
412 FCfrAT (1H ,T-r,-THE E!.Ur:GY IN THE hCRt'ALIZEP ENEPGY FAI.C

C ~CLLES IS SAVEC FCF; r3SSII3LE FERI'AINPENlT 5CkýCE.
c 7U1S STORAGE %ýVICE: COULD P-7 A MACNETIF! TAPE CR AN

C CFERATIrJC-SVSTEM-CY'4TPOLLEO PtcFr6KZNEN CISC FILE.

UPFI IE( 3) L ,FL Ch ,F h ICHkIEA'!,StEPS ,L8L CFMt-I NFrAX,
1I EC CT Hp1 :L 9ým;CrDCLS J4, SPOTO P , A A

11F EC(3) ~JUUL F S IT) ,I T=IL
c

I FIFRAtJOO170o.C) CC TO 6'43
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C FLI'C~S 4 SLT CF CARfJi SC. THE PAN'CCt S~EA CAN 9E
C LSLO AGAIN.

FLýCN~ 1.72, (STc[Atl(IC), IC = 1,LS)
4.22 FCPI'AT(7211.)
b43 KC = K-I

403 FCFWA(1-I f T`99*Tý-E OJT ST7ý'CAM FOR~ THIS FCWFý SPECT;UFV~

FFII'T 413
'+1. FCIKtA(Ili-)

C
IF (FICTs.O.l. ) GC Tn 4

C Tý IE FILLS T'-E Pf:ýY 'RATIO WITH FRZCUENCY VjALUES-
CC EO It. =I vL

5'' F~lUC(IL) =(IL-l*)*r¶)ELYA + FM1IN
C
C ¶T-IS IS THE_ PLACE AN OF-Ay DRI-ITINC RCUJrIN'c ýCULO
C CE LOCATED FCtR PP:I4TTIG THE rONTc.TS CF Tý-S ARR.ýYS
C ~ CULE3 ANU F,71C (TPE SPEC'PLI' tNC 7ý-E FFSCUENCý

V VAL UE S TH' ALTHLIý ALWAYS U'ý:r! A PLCTIINC OOTK-
C ýO AN APPAN PL.CTTr' IS HOT SHCý,, APLY~E
c FASILY POUN!, TI, FQRT;;fN TEhXT eCC'z:.
C
C 13-35 1S THE CALI .rC TH' ýLOTTING CCLTINL'o

Ct LL PI"'TU:1E( L , FLCW9,F-ilGh,FME.AN, STP PCvFll"xvSCT
ICE I E P- , LS, 'ý

C
c CLEPPS RIA ANCE CL)C A'ýAYý
640 CC ( ý03 44= ,L

FF.A (MN) =0.
503 C L X 01N~) = 0.
C

C ETINT rRtAL Y dALUESS PF'IOR T0 P RCCE SS~I NG A W'A' STR -A t'

ICELLAY 9

7ERCES =0

c IF lt-C LAST PIT 1tý THIE STR'AM IS A TbýC, T~ct. THE
c1 C PPCGRAH LOCKE FOR autlHW: PIT Sli;EAý Cý CACOS
r IF WE LAST PUl IN TH7~ S7R.AM jS A ThETHEN TWE

.C. FROGRZAM LOCYS FOq 4A10TH'R, St'T CF FAQPMETF CARDS rlNC
c ý.OTHLO! SLI CF 13TT STREAM CAP 'OS.
C IF THLOE A=[ N~C CfPOS, THtL PRCC-RAII SIOF~s

IF (LAST2.EcQ.tI C C TO b0 6
L~f 13 =0

620 LtSl?=
CC 10 62?
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C c rf- U R2A(?-31), C LX(2 0 03) , DEEG.GY
F9'PL IM
F]2 2. 3.JLJIEC'ý?35
tl A

A EXP((-PI?1 4f\*hEW)/WNEW)
C

rc EDO =i , 1L
= h'MIN + (T-l1)%ýCLLTA

V AN~EW*4 ? t ý,NE-b*? - W
C = 2.*ANýdW*

f = FrkW**2 ý- 2
F COS(1)
G ST N)

C(L T WNýW- (I.H-7) Ht I W
LCL1 tW + (I.L-7)*wNFw
IF (I.GE.i-UT..ANC.W.LE.'JCU1) GO TO G:OC
FE (j-F

1 4C 4,M2) ) *14

o CC 70 bat
C TP J IS THE LI'11 FUNtTION WHEN IN=h A7%

I0 ((E H#( (Gflw (-Fln% (1*E -4 (All Mi,,,

2(tt\EW "~? +s 4 .Nc2)I

601 Y =CPS(W*TDLL!Y)
7 =SIN(W4 TOLLAV)

C
FEAMl= (-r"*y + IM*') + R'.A(I)
CL>(I) =(1M'IY - PEA?*) + CLXUT)

C
C

C: CP~rULATI0tI OF 1)IH qN:RGY IN THIS SEFIES CF P"ARKS Or 'SFACE'S.
C

Cc (FI24 tJ) (WN -N 4*2.)
*F (t..*GOLV*IEý*2)/(A,\CW43 4-.ONWIVý02

C C: FXP( (-P12*l\4ANEw*) /(Wý-'W)) -1.

rýEFGY ENEPC*Y 0-(r4 ~2) 4 (Q-F0Q-R%)

FE IVLPN
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~MO~vj~s'PC!JT-N7

I F (~C 0TL4U H~ JC TO ~C PFFY L1A C, C, N 7A T tjz S X W ý F qC V KA(C t qF AY LT(j.1-) CCý 1AfljS 4 A ArFI;CX i'lT ICN TO LT (10)r I N IS TP-L _z' r~um CF A Th- AY WoRFSC IN 7VF 5tCC I-ING RCLT It E
CCc 23 " 3 1,
7f 0 P. E-0. i C C T C i4

IF (IYGr. 50) CC TC 6E.,
It
II- Ix

C.C To b~B)

IL I
I)- Ix

t C 4 C APRA LI(lt).
65C CC E20 4X=1,IV

LT(1) LI(l)

(9 (tCLCFJLATr 41L LTN.SAR V4LUES FCFR LT(ia, AN[ TEST A,-!NSTC PlICILE VLUFr- CIF LI(ID

L7 (VS) = i L '(1)+(l(IX) LI(±) (IX-J) -My

IF (LI(? -S,T-~L I(VS) ) rQ TC 652

C ]CPrASE 'iDrL PLA) D VZLU--S TO ECLAL MIUJLE L.Tt) VALLES.CC E22 %1 =I,
1/7 VA IL
PC VA + I

F E A WT) LT('1C)

C I!'CF.EENT Ti-IL FCTidER3 4NO TEST FCr, ENE CF RLAI).(652 IL TL+j
Iv- IH+i

52! CCNTIINU: l'GCI -
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VtPFI- 17Aor FCR A TY[ICAL PUN n;- Si-Cistr ý:LOW.
PMAiý-K fýhC FM.Aý< APz. LUtI'Y "'V'JCý NLY IF 'TICH 7rC VLUE AFE
N\OT CtLCLLýTý'l W T11r, TF;:' FR GltAv. NO TE :: I T L 'N'r LS *ýE
INTEGEý ýLUz-Sg ThE-ý rIT ST-Z-At-. CONT.ýl1c ý:% RAN-Cf- ?ITS
IH4IC' AC L FN J - Y A (-- To CAUSE A NFlW FkAhI'.MTEQ ý-T AN)ý A
N W C£1IF1 r;'. Al TC' q' FE,:r2 IN. IF LESS TýA Lý; ETTý A-ý TN
YOUrý FA9 Tir~L,t- ýIT 'Tz!EA ON CAIý3S, YCL PLE STILL ~c!OVTCE
EN'OGI-ý V L K CA R9S C" 2Lt'h'< BITS TO FILL LS INCRCS CF TH=

27400l. F11'I0
2u'D FLCW

204ol AZACE
1600. EbLC
2540;O. F V I K
2360r, F':tAx

2. F 1 Ak OUMM11Y
.28 R S ACc.

S1Il C. C 4
Z5 ::

l9lPlN nlc

~, 1#0O(LH16flh%0.

1000 S SIRA1 LF~j87

1 C.1 a t In 11 11 1 0 0a R. n i a i r1 rt jn e1 0 1

oool r rI v 1131 t I I C rI a I 110 (I cIc.
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Appendix 13

Ideal Spectra for N =_11

The plot of Fig. B-1 is a normalized power spectrum for

a constant amplitude frequency shift key signal with a modu-

lation index of 1/2. The plot was provided by John Gamble,

the sponsor for this thesis. The analytic expression for

the spectrum is referenced as Bennett and Rice's wcrk

(Ref 1,2384).

The plot is normalized to a value of one watt per unit

frequency at the center frequency, F . That normalization

technique is different than that used for the plots in the

body of this thesis; they were normalized to one joule under

the entire spectrum of Joules/unit frequency. The change

from Jo..cs to watts makes no dillerence, however, because

unit power is the integral of unit energy for one second;

i,e., the normalized spectrum is the same regardless of

whether joules/unit frequency or watts/unit frequency is

plotted on the ordinate. The important information conveyed

by Fig. B-i is that the main power density or energy density

lobe width is 1.5 times the baud rate (B), and that the

side lobe widths are 0.5 times the baud rate.

Jhi~l" A
©$4

8/:1 •1 -
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